To determine the role of epidermal growth factor (EGF) receptor (EGFR)-mediated signaling pathways in preventing infection-induced apoptosis in human corneal epithelial cells (HCECs). METHODS. Epithelial monolayers of a telomerase-immortalized HCEC line, HUCL, and primary culture of HCECs were infected with Pseudomonas aeruginosa in the presence of the EGFR inhibitor tyrphostin AG1478, the extracellular signal-regulated kinase (ERK) inhibitor U0126, the phosphoinositide 3-kinase (PI3K) inhibitor LY294002, the heparin-binding EGF-like growth factor (HB-EGF) antagonist CRM197, the HB-EGF neutralizing antibody, or the matrix metalloproteinase inhibitor GM6001. The activation of EGFR was analyzed by immunoprecipitation using EGFR antibodies, followed by Western blot analysis with phosphotyrosine antibody. Phosphorylation of ERK and Akt, a major substrate of PI3K, and generation of cleaved caspase-3 and poly (ADP-ribose) polymerase (PARP) were determined by Western blot analysis. Apoptotic cells were characterized by positive staining of active caspase-3, loss of mitochondrial cytochrome c, and condensation of chromosomes. Apoptosis was also confirmed by measuring caspase-3 activity and assessing the generation of cleaved caspase-3 and PARP.
T he bacterium Pseudomonas aeruginosa is an opportunistic pathogen that can cause bacterial keratitis in patients who use extended-wear contact lenses. 1 Corneal epithelial cells, like other mucosal epithelial linings in the body, 2, 3 constitute the first line of defense against microbial pathogens and have been shown to possess the ability to sense the presence of pathogenic bacteria such as P. aeruginosa. 4 -6 Recent studies have shown that the ability of epithelial cells to recognize pathogens is largely due to the expression of toll-like receptors (TLRs), an evolutionarily conserved family of receptors that function in innate immunity through recognition of pathogenassociated molecular patterns. [7] [8] [9] Pattern recognition by TLRs then leads to activation of NF-B and the mitogen-activated protein kinases (MAPKs) (e.g., p38 and c-Jun N-terminal kinase, JNK), through MyD88-dependent signaling pathways and production of proinflammatory cytokines. 2,10 -13 The release of these cytokines in resident corneal cells can augment or prolong the inflammatory response, a consequence necessary to contain the infection. 4, 14 The host inflammatory response, however, also contributes to corneal destruction. 4, 15, 16 MAPKs link a variety of extracellular signals to a diverse range of cellular responses such as proliferation, differentiation, and apoptosis. There are three groups of mammalian MAPKs. The JNK 17 and p38 18 MAPKs are strongly responsive to stress and inflammatory signals, whereas the extracellular signal-regulated kinases, (ERK1/2) 19 are generally activated by mitogens and differentiation-inducing stimuli. 20, 21 Infection of epithelial cells has been shown to activate ERK1/2 as well as phosphoinositide 3-kinase (PI3K), although the underlying mechanisms for their activation are not well defined. 11, [22] [23] [24] [25] [26] Both ERK1/2 and PI3K are generally elicited through the activation of cell surface receptors, such as epidermal growth factor (EGF) receptor (EGFR). The EGF family is composed of more than 10 members, including EGF, 27 transforming growth factor-␣, 28 and heparin-binding EGF-like growth factor (HB-EGF). 29 They are synthesized as membrane-anchored forms, which are then processed to give bioactive soluble factors. These factors act through the stimulation of specific cell-surface receptors, EGFR. 30, 31 Four related receptor tyrosine kinases have been identified (reviewed in Refs. [32] [33] [34] . These are EGFR/erbB1/HER1, erbB2/HER2/neu, erbB3/HER3, and erbB4/ HER4. 30 Three of them, erbB1, -2, and -3, have been detected in corneal epithelium. 35, 36 We recently showed that HB-EGF is an endogenous EGFR ligand that is released on wounding of epithelial cells and acts in an autocrine fashion to activate EGFR in the cornea. 37 The release of proHB-EGF, termed ectodomain shedding, is generally mediated by a matrix metalloproteinase(s). 38, 39 Numerous stress conditions are known to cause transactivation of the EGFRs through HB-EGF ectodomain shedding, including keratinocyte migration in cutaneous wound healing, 40 cardiac hypertrophy, 41, 42 and bacterial challenge of lung and gastric epithelial cells. [43] [44] [45] Whether P. aeruginosa is capable of inducing EGFR phosphorylation and subsequent ERK1/2 and PI3K activation in epithelial cells has not been explored.
The ERK1/2 and PI3K pathways are also associated with cellular apoptosis and mainly prevent apoptosis. 46 -48 Apoptosis, or programmed cell death, is a central mechanism for regulating the number of cells in adult tissues and is an important process in corneal development, homeostasis, and disease. 49 -54 There is increasing evidence that apoptosis plays a central role in modulating the pathogenesis of a variety of infectious diseases caused by bacteria, viruses, protozoa, and fungi. 55 In this study, we investigated whether infection-induced EGFR transactivation and its subsequent activation of the ERK and PI3K pathways protect human corneal epithelial cells (HCECs) from apoptosis. We demonstrated that P. aeruginosa infection transactivates EGFR in HCECs through proHB-EGF ectodomain shedding and that subsequent activation of both MAPK and PI3K pathways plays an antiapoptotic role in P. aeruginosa-infected HCECs.
MATERIALS AND METHODS

HCEC Cultures and P. aeruginosa Infection
Human telomerase-immortalized corneal epithelial (HUCL) cells, kindly provided by James G. Rheinwald and Irene K. Gipson, 56 were maintained in defined keratinocyte-serum-free medium (SFM; Invitrogen Life Technologies, Carlsbad, CA) in a humidified 5% CO 2 incubator at 37°C. Before treatment, cells were split into culture dishes precoated with FNC (fibronectin-collagen, 1:3 mixture) coating mix (Athena Environmental Service, Inc., Baltimore, MD) and cultured in antibioticfree defined keratinocyte-SFM. After cells were attached, the medium was replaced with keratinocyte basic medium (KBM; BioWhittaker, Walkersville, MD), and the cultures were incubated overnight (growth factor starvation).
To verify the results obtained from HUCL cells, HCECs were isolated from human donor corneas obtained from the Georgia Eye Bank. The epithelial sheet was separated from underlying stroma after overnight dispase treatment. The dissected epithelial sheet was trypsinized, and the epithelial cells were collected by centrifugation (500g, 5 minutes). HCECs were cultured in KGM (supplemented with growth factors; BioWhittaker) in T25 flasks coated with FNC and used at passage 3.
P. aeruginosa (PAO1 strain from a Pseudomonas genetic stock center at East Carolina University) was maintained on tryptic soy agar (Difco Laboratory, Detroit, MI). For infection experiments, bacteria were shaken in tryptic soy broth (Sigma-Aldrich, St. Louis, MO) at 37°C until absorbance at 600 nm reached optic density (OD) of 0.3 to 0.4. The bacterial culture was centrifuged at 6,000g for 10 minutes. Bacteria were resuspended in KBM and then used to challenge the growth factor-starved HUCL cells at a ratio of 25:1 (bacteria to cell) as follows. Resuspended bacteria were added to HUCL culture dishes, which were then centrifuged at 150g for 5 minutes to allow the bacteria to contact the cells readily. After 2 hours in culture, the cells were washed with PBS three times to remove unattached bacteria, and fresh KBM containing 100 g /mL gentamicin to kill the extracellular bacteria was added. Cells were processed for immunostaining and Western blot analyses at the indicated times. The control cells for the infection experiments were treated the same including centrifugation and addition of gentamicin in KBM, but in the absence of bacteria.
To block EGFR-mediated signaling, cells were preincubated for 30 minutes at 37°C with tyrphostin AG1478 (Sigma-Aldrich), LY294002 (Cell Signaling Technology, Inc., Beverly, MA), or U0126 (Calbiochem, La Jolla, CA), followed by incubation with P. aeruginosa in the presence of the same inhibitors. For blocking HB-EGF shedding or function, cells were pretreated with CRM197 (Sigma-Aldrich), HB-EGF neutralizing antibody (R&D Systems, Inc., Minneapolis, MN), or GM6001 (Calbiochem) for 1 hour at 37°C before incubation with bacteria in the presence of the same inhibitors.
Invasion Assay
In accordance with a published method, 57 HCECs were cultivated in 24-well plates and infected with P. aeruginosa at a ratio of 25:1 (bacteria to cell). After 2 hours in culture, the cells were washed with PBS three times to remove unattached bacteria, and fresh KBM containing 100 g /mL gentamicin was added. After two additional hours in culture, monolayers were washed twice with PBS, lysed, and homogenized in 1 mL of lysis solution (1% Triton X-100). Lysates were serially diluted and plated on tryptic soy agar, and colonies were enumerated after overnight incubation. For control, an HCEC monolayer was fixed with fresh-made 4% formaldehyde in PBS for 20 minutes before addition of bacteria. No viable bacteria were detected from control cell lysates.
Immunoprecipitation of EGFR
After infection with bacteria for the indicated times, HUCL cells (1 ϫ 10 7 cells in 100-mm dishes) were lysed with 500 L radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 100 mM Tris-HCl [pH 7.5], 1% deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 50 mM NaF, 100 mM sodium pyrophosphate, 3.5 mM sodium orthovanadate, proteinase inhibitor cocktails, and 0.1 mM phenylmethylsulfonyl fluoride [PMSF] ) and centrifuged at 12,000 rpm at 4°C for 30 minutes to remove debris. The protein concentration was determined with kit (Micro BCA; Pierce Biotechnology, Rockford, IL). Equal amounts of protein (800 g) were subjected to immunoprecipitation with 3 g anti-human EGFR antibody and 20 L protein G beads (Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight. Immunoprecipitates were washed with the washing buffer (150 mM NaCl, 100 mM Tris-HCl [pH 8.0], 0.1% Triton X-100, 50 mM NaF, 100 mM sodium pyrophosphate, 3.5 mM sodium orthovanadate, proteinase inhibitor cocktails, and 0.1 mM PMSF) three times, dissolved in 10 L 4ϫ Laemmli's buffer, 58 and boiled for 5 minutes. The samples were then subjected to Western blot analysis.
Western Blot Analysis
Activation of ERK and PI3K and cleavage of caspase-3 and poly (ADPribose) polymerase (PARP; EC 2.4.2.30) were also determined by Western blot analysis of HUCL cell lysates. The same amount of cell lysates, collected at indicated times, was applied to a 5% to 15% gradient SDS-polyacrylamide gel and transferred to nitrocellulose membrane. The membranes were blocked with 5% nonfat skim milk in Tris-buffered saline containing 0.05% Tween 20 (TBST) for 1 hour and then incubated with specific antibodies for 1 hour at room temperature or overnight at 4°C. The antibodies used were: anti-phosphotyrosine (PY99) anti-phospho-ERK1/2, anti-ERK2, and anti-caspase-3 (Santa Cruz Biotechnology); anti-phospho-Akt and anti-Akt (Cell Signaling Technology, Inc.); and anti-PARP (Biomol Research Laboratories, Inc., Plymouth Meeting, PA). After primary antibody incubation, nitrocellulose membranes were washed three times with TBST and then incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour. An enhanced chemiluminescence detection system (Supersignal; Pierce Biotechnology) was used to visualize the labeled protein bands. Molecular mass was estimated by comparison of sample bands with prestained molecular mass markers (Bio-Rad, Hercules, CA).
Immunostaining and Analysis of Apoptosis
HUCL cells were grown on glass coverslips (Fisher Scientific, Pittsburgh, PA) in six-well dishes precoated with FNC, starved in KBM overnight, and pretreated with inhibitors and challenged with P. aeruginosa as described earlier. After incubation with bacteria for 4 hours, cells were fixed with 4% freshly made formaldehyde (SigmaAldrich), permeabilized with 0.1% Triton X-100, blocked with 5% normal goat serum, and stained with rabbit anti-cleaved caspase-3 antibody (Cell Signaling Technology) and mouse anti-cytochrome c antibody (BD-Pharmingen, San Diego, CA). Secondary antibodies were FITC-conjugated goat anti-rabbit IgG and Texas red-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Nuclei were stained with 5 g/mL Hoechst 33342 (SigmaAldrich) in PBS for 5 minutes at room temperature. The coverslips were then mounted (Vectashield; Vector Laboratories, Inc., Burlingame, CA). The apoptotic characteristics examined included active caspase-3 staining, loss of mitochondrial cytochrome c, and nuclear condensation and fragmentation. For each condition, apoptosis was measured in five fields with approximately 500 to 600 cells per field. The results were expressed as mean Ϯ SE of five experiments.
Measurement of Caspase-3 Activity
Caspase-3 activity was determined by an enzymatic assay, using the fluorogenic peptide substrate DEVD-AFC (carbobenzoxy-Asp-Glu-ValAsp-7-amino-4-trifluoromethyl coumarin). After incubation, plates with cells were placed on ice. The incubation medium was centrifuged to collect floating cells and cellular debris. The collected floaters were then combined with the cells remaining in the dishes for lysis in 1% Triton X-100 buffer (1% Triton X-100, 1 mM dithiothreitol [DTT], 25 mM HEPES, 115 mM NaCl, 1 mM KH 2 PO 4 , 1 mM KCl [pH 7.4], and 1 L/mL protease inhibitor cocktail). The resultant lysate was centrifuged at 12,000g for 5 minutes at 4°C to obtain the supernatant. 
Statistical Analysis
Each figure shows the results of experiments repeated at least three times. All statistical analyses were performed using the unpaired Student's t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS
P. aeruginosa-Induced EGFR, ERK1/2, and PI3K Activation
P. aeruginosa (PAO1 strain) induced EGFR phosphorylation in cultured HUCL cells (Fig. 1A) . Uninfected control cells showed a low, but detectable, level of phosphorylated EGFR that increased 15 minutes after infection (PI) and remained at an elevated level for 4 hours PI whereas the levels of precipitated EGFR from control and P. aeruginosa-infected cells were similar. ERK1/2 and Akt (a major substrate of PI3K, also termed protein kinase B) showed increased levels of phosphorylation in response to P. aeruginosa infection (Fig. 1B) . Control, noninfected cells exhibited undetectable levels of phosphorylated ERK1/2 and Akt. Phosphorylation increased to the highest levels within 15 minutes for both ERK1/2 and Akt and then slowly declined. Low, but detectable, levels of phosphorylated ERK1/2 (pERK, Fig. 1B ) remained at 4 and 2 hours PI for Akt (pAKT, Fig. 1B) . The protein levels of ERK2 and Akt remained constant throughout the infection period.
EGFR-Dependent ERK1/2 and PI3K Activation in P. aeruginosa-Infected HUCL Cells Figure 2 shows that infection-induced ERK and Akt phosphorylation was EGFR dependent. The presence of the EGFR inhib-FIGURE 1. P. aeruginosa-induced EGFR, ERK1/2, and Akt phosphorylation. HUCL cells were grown to ϳ90% confluence on 100-mm plates and serum-starved overnight. Cells were then infected with P. aeruginosa at a cell-to-bacterium ratio of 1:25 over a 4-hour time course. Cell lysates were prepared at the designated time points PI. (A) For immunoprecipitation, 800 g protein for each sample was immunoprecipitated (IP) with 2.5 g agarose-conjugated EGFR antibodies, subjected to SDS-PAGE, and probed (WB) with mouse anti-PY99 antibody (top); after stripping, reproved with mouse anti-EGFR (bottom). (B) To assess phosphorylation of ERK1/2 and Akt, 10 and 30 g cell lysates of the same samples were subjected to Western blot analysis (WB) with either anti-phospho-ERK1/2 (pERK) or anti-phospho-Akt (pAKT). To normalize protein loading onto blots, anti-ERK2 (ERK2), and anti-Akt (AKT) antibodies were used as probes. The results are representative of three independent experiments. itor AG1478 in culture medium (lane 3) blocked infectioninduced ERK1/2 and Akt phosphorylation (Fig. 2, compare  lanes 3 and 2) . As expected, the presence of the PI3K inhibitor LY294002 (lane 4) blocked infection-induced Akt phosphorylation and exhibited minimal effect on ERK1/2 phosphorylation. Similarly, U0126, an MEK inhibitor, inhibited P. aeruginosa-induced ERK1/2, but not Akt, phosphorylation (lane 5). The protein levels of ERK2 and Akt remained constant in inhibitor-treated and control cells.
Increased P. aeruginosa-Induced Apoptosis by Inhibition of EGFR-Mediated Signaling Pathways
Monolayers of HUCL cells were infected with P. aeruginosa, and apoptosis was measured by indirect immunofluorescence for the presence of cleaved caspase-3 and released cytochrome c. Figure 3A shows the staining of P. aeruginosa-infected cells treated with EGFR inhibitor AG1478. Many cells stained positive for the active (cleaved) form of caspase-3 (Fig. 3Aa) . These caspase-3 active cells lacked typical mitochondria-associated cytochrome c staining (Fig. 3Ab ) but showed nuclear condensation and fragmentation (Fig. 3Ac) . Taken together, the immunostaining and morphologic features (Fig. 3Ad) indicate that these HUCL cells are apoptotic. Figure 3B shows the percentage of cleaved caspase-3-positive cells in infected cultures of HUCL and primary HCECs in the presence or absence of signaling pathway inhibitors; the control group was not subjected to P. aeruginosa infection. There was a slight increase in apoptosis for infection alone (4 hours, 2.54% after subtraction of control, nontreated cells, 1.34%) or AG1478 alone (1.58%). At this time (4 and 2 hours after addition of gentamicin), there were 14 viable intracellular bacteria per cell as determined by invasion assay. Treatment of infected cells with AG1478 significantly increased the number of apoptotic cells to 12.4% (P Ͻ 0.01). We also treated infected cells with the PI3K and ERK inhibitors LY294002 and U0126. Although LY294002 had effects similar to those of AG1478 in inducing apoptosis in control (1.46%) and P. aeruginosainfected HUCL cells (13.2%), more apoptotic cells (22.32%) were seen with U0126 treatment. In the absence of infection, U0126 alone showed almost no apoptosis (0.68%).
Primary HCECs were also subjected to apoptosis analysis in the presence of EGFR inhibitor. Almost no apoptosis was detected in control (0.6%) and AG1478-treated (0.54%) cells. P. aeruginosa infection resulted in 6.66% of cells becoming apoptotic, whereas treatment of infected cells with AG1478 greatly increased the number of apoptotic cells (to 28.64%, P Ͻ 0.01).
Caspase-3, an effector caspase, is known to be a major contributor to the apoptotic machinery in many cell types. Therefore, we assessed caspase-3 enzymatic activity and the effects of EGFR signaling inhibitors in P. aeruginosa -infected cells (Fig. 4) . Infection alone and treatment with EGFR signaling inhibitors alone slightly increased caspase-3 activity, whereas each of the three inhibitors (AG1478, LY294002, and U0126) induced greatly increased caspase-3 activity in P. aeruginosa-infected HUCL cells.
The cleavage of PARP by caspases is a characteristic feature of apoptosis, and the timing of apoptosis-associated events is often determined relative to the onset of PARP cleavage. Thus, the generation of cleaved PARP was assessed in P. aeruginosainfected HCUL cells and primary HCECs (Fig. 5) with Western blot analysis. Whereas no detectable PARP cleavage was seen in control HUCL cultures, P. aeruginosa infection or treatment of cultured cells with EGFR and its downstream signaling pathway inhibitors resulted in detectable amounts of cleaved PARP. Treatment of P. aeruginosa-infected cells with these inhibitors generated a relatively large amount of cleaved PARP. In primary HCECs, no cleaved PARP was generated in control and AG1478-treated cells, consistent with the fact that no apoptosis was seen in those cells (Fig. 3B) . Infection of primary HCECs resulted in an almost nondetectable level of cleaved PARP, whereas the presence of AG1478 induced a significant increase in cleaved PARP and a decrease in intact enzyme. The protein level of ERK2 (to normalize the loading) remained constant in all conditions.
Ectodomain Shedding of proHB-EGF in P. aeruginosa-Induced EGFR Transactivation
To understand the underlying mechanism for EGFR transactivation, the effects of HB-EGF neutralization and inhibition of ectodomain shedding on EGFR phosphorylation and epithelial apoptosis in response to P. aeruginosa infection were assessed (Fig. 6) . Incubation of HUCL cells with P. aeruginosa for 30 minutes induced elevated EGFR phosphorylation; addition of CRM197, a highly specific antagonist of HB-EGF (lane 3) 59, 60 ; HB-EGF neutralizing antibody (lane 4); or GM6001 (a MMP inhibitor, lane 5) blocked infection-induced EGFR phosphorylation. Treatment of the cells with these HB-EGF targeting reagents also resulted in increased apoptosis in P. aeruginosainfected cells as assessed by the appearance of cleaved PARP as well as cleaved caspase-3, whereas the protein level of ERK2 (to normalize the loading) remained constant.
DISCUSSION
In our study, P. aeruginosa infection of HUCL cells led to specific cellular responses involving the release of proHB-EGF through ectodomain shedding and subsequent transactivation of EGFR. The P. aeruginosa-induced EGFR activation elicited both the ERK1/2 and PI3K pathways. We demonstrated that inhibition of any step leading to ERK1/2 and PI3K activation augmented P. aeruginosa-induced apoptosis in HUCL cells, suggesting a protective role of EGFR transactivation in preventing P. aeruginosa-induced apoptosis.
P. aeruginosa infection of HCECs induced activation of ERK and PI3K. To date, the mechanisms by which infection induces epithelial ERK and PI3K activation are still unclear. Our results showed that the presence of the EGFR inhibitor AG1478 not only inhibited EGFR activation, as expected, but also blocked infection-induced ERK and Akt phosphorylation. Thus, we conclude that the ERK and PI3K signaling pathways are downstream signaling pathways of EGFR transactivation in response to P. aeruginosa infection in HCECs.
How might EGFR be transactivated in HUCL cells in response to P. aeruginosa-infection? Constitutive gene expression of EGFR ligands such as EGF, HB-EGF, TGF-␣, and their receptors have also been demonstrated in HCECs. 36, [61] [62] [63] [64] Recently, ectodomain shedding of HB-EGF, which is proteolytic release of the extracellular domain from the membrane-anchored form to give bioactive soluble factors, has been shown to be a major pathway leading to EGFR transactivation in a variety of cells. 65, 66 In the present study, transactivation of EGFR by P. aeruginosa infection was dependent on HB-EGF ectodomain shedding, since the induced EGFR phosphorylation and its downstream signaling were blocked by reagents that inhibit ectodomain shedding or impair HB-EGF function. These reagents also induced apoptosis in P. aeruginosa-infected HUCL cells. The mechanisms underlying infection-induced HB-EGF shedding remain to be determined.
What might be the role for EGFR-mediated antiapoptosis in epithelial cells during P. aeruginosa infection? There is increasing evidence that apoptosis plays an important role in modulating the pathogenesis of a variety of infectious diseases caused by bacteria, viruses, protozoa, and fungi. 55, 67 Intracellular bacterial pathogens, such as the PAO1 strain used in this study, can either induce apoptosis to destroy host cells or prevent epithelial apoptosis so they may maintain their intracellular niche. 55, 68, 69 Recently, Huang and Hazlett, 70 using microarray analysis, demonstrated the upregulation of several apoptosis-inhibiting related genes in the P. aeruginosa-infected cornea of susceptible mice and proapoptotic genes in resistant mice. Upregulation of these antiapoptotic genes may prevent epithelial apoptosis, allowing entry and multiplication of bacteria in the epithelial cells. The concept that pathogens affect host death mechanisms to enhance their survival has long been studied with viruses, 71 but studies have just begun to provide support for bacterial pathogens in recent years. 67, 68, 70 EGFR transactivation may serve as a link between P. aeruginosa infection and inhibition of host cell apoptosis.
Alternatively, EGFR-transactivation-based antiapoptosis may be essential for proper host response at an early stage of infection. There is increasing experimental evidence that the epithelium, the first line of defense against infection, is an essential component of innate immune responses after infection with bacterial pathogens. 10 The role of the epithelium is twofold: First, in response to the presence of pathogens, the epithelial cells recognize the molecular patterns of pathogens such as flagellin 5 and LPS 6 and send initial signals, such as the release of proinflammatory cytokines, for recruiting the neutrophils and mononuclear lymphocytes into the cornea. Second, in response to infection, epithelial cells produce innate defense molecules such as ␤-defensin, either through direct interaction between bacteria and epithelium or by autocrine regulation of the produced cytokines in the infected corneas. 72, 73 Production of defensin by epithelial cells would provide an innate protection against infection. Thus, the proper function of epithelium is necessary for the early responses of the host to infection. Consequently, apoptosis of epithelial cells at an early stage of P. aeruginosa infection would result in a decrease in the effectiveness of host innate immune responses. As such, we suggest that transactivation of EGFR in HCECs in response to P. aeruginosa infection may contribute to the cornea's innate defense and inflammatory response through activation of antiapoptotic mechanisms in epithelial cells. Further study is warranted to determine whether the antiapoptotic strategy is used by bacteria to their advantage or used by hosts as one of the defense mechanisms. However, as the infection progresses, it may be necessary for HCECs containing invasive bacteria to undergo apoptosis. 70 Apoptotic cell death in the infected cornea would permit other cells to phagocytize the apoptotic bodies containing bacteria, allowing an epithelial cell to eliminate bacteria in the cornea effectively without significant inflammation, as in a P. aeruginosa-infected lung. 74 In conclusion, the mechanism by which P. aeruginosaepithelial cell interactions activate EGFR bears striking resemblance to a paradigm described recently in a variety of cells, in which EGFR is transactivated by the release of HB-EGF from the cell surface through metalloproteinase activation. Our data linked EGFR transactivation to the observed ERK signaling as well as PI3K activation in bacteria-infected epithelial cells. Furthermore, our study showed that EGFR-induced ERK1/2 and PI3K activation plays a role in preventing apoptosis of HCECs induced by P. aeruginosa infection. Further studies are needed to identify factor(s) triggering HB-EGF shedding and the mechanism by which P. aeruginosa infection induces epithelial apoptosis in the cornea.
